In this report, the authors sought to summarize existing literature to provide an overview of the currently available techniques and to critically assess the evidence for or against their application in intracerebral hemorrhage (ICH) for management, prognostication, and research. Functional imaging in ICH represents a potential major step forward in the ability of physicians to assess patients suffering from this devastating illness due to the advantages over standing imaging modalities focused on general tissue structure alone, but its use is highly controversial due to the relative paucity of literature and the lack of consolidation of the predominantly small data sets that are currently in existence. Current data support that diffusion tensor imaging and tractography, diffusion-perfusion weighted MRI techniques, and functional MRI all possess major potential in the areas of highlighting motor deficits, motor recov ery, and network reorganization. Novel clinical studies designed to objectively assess the value of each of these modalities on a wider scale in conjunction with other methods of investigation and management will allow for their rapid incorporation into standard practice. 
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I ntracerebral hemorrhage represents the second most common cause of stroke, and is approximately 3 times as likely to result in death within 1 year when compared with ischemic stroke. 12, 35 Advances in imaging options have resulted in major improvements in the prognostication and management of ICH. 10, 19, 22, 26, 29 Magnetic resonance imaging and CT allowed for these changes to occur by permitting structural validation of clinical symptoms. The advent of functional brain imaging represents another paradigm shift by allowing for the assessment of 3D pathophysiological changes in blood flow, metabolism, absorption, or composition-related symptomology. This provides the distinct advantage of a much more specific measurement of improvement in surviving tissues after insult. These properties also permit the potential assessment of the risk of hemorrhage prior to ictus based on tissue health and provide another modality for use in the diagnosis of hemorrhagic strokes of unclear etiology or type. 43 In this article we discuss the current and potential uses for functional imaging as it pertains to ICH ( Table 1) .
Assessment of ICH Risk and Etiology
The ability to correlate risk factors with identifiable pathophysiological representations of diseased or structurally weakened tissues presents an exciting possibility for elevating the accuracy of risk assessment. One of the groups that might most readily benefit from this strategy is elderly patients being assessed for the possibility of prior or future lobar ICH secondary to cerebral amyloid angiopathy (CAA), which is currently difficult to predict except in retrospect to ICH or on autopsy. 20 Investigations related to identifying patients with CAA have been conducted using both DTI and PET. Salat et al. 36 compared a set of healthy controls to patients who had a clinical diagnosis of CAArelated ICH using DTI and analysis of fractional anisotropy and diffusivity. Diffusivity was not found to be altered; fractional anisotropy was increased in the posterior limb of the internal capsule and subthalamic gray matter bilaterally, but was reduced in the temporal white matter and splenium of the corpus callosum. Changes in fractional anisotropy have also been noted in general ICH studies, but a comparative study has yet to be performed. 16, 24 Should variability in the pattern of changes on fractional anisotropy correlate to alternative causes of ICH, this could provide an additional criterion for diagnosis of CAA as the cause of ICH rather than hypertension or other causes.
Johnson et al. 18 investigated the use of a novel com-
The role of advanced neuroimaging in intracerebral hemorrhage pound capable of binding b-amyloid components within CAA as a method of direct detection. Findings in 6 cases of probable CAA (diagnosed by biopsy in 4 cases and on the basis of clinical features in 2) were compared with findings in healthy controls and in patients suffering from Alzheimer disease. It was found that the level of PET detection of the compound was greater in patients with CAA than in controls but less than that expected in patients with Alzheimer disease. However, patients with CAA had considerably more occipital lobe deposition than was seen in Alzheimer disease. This distinction not only allows for a reduction in the risk of misdiagnoses, but may also allow for the assessment of CAA even in patients with Alzheimer disease, should a more diffuse level of b-amyloid deposition be detected than would be expected in this relatively occipital lobe-sparing condition. The diagnosis of ICH is well established in most cases, but may be delayed initially if the volume is small or the presentation atypical. Chen et al. 8 recently submitted data investigating the use of magnetic induction tomography, a noninvasive technique utilizing the conductivity of tissue to identify pathological changes. Experimental models with as little as 10 cm 3 demonstrated a high level of specificity and sensitivity, but ultimately a higher level of refinement would be required in clinical models to surpass current imaging capabilities. This modality could potentially also assess the presence of underlying lesions.
Management and Monitoring of ICH
Both MRI and CT scans are routinely used beyond the acute phase of management for prognostication and reevaluation of ICH. However, the prediction of outcome is hampered by the inability to assess on an individual patient level the changes occurring within and near the area of insult. One unique situation in which this is applicable is primary intraventricular hemorrhage and the risk of damage to surrounding white matter tracts. Diffusion tensor imaging has been found to be able to detect diminished levels of integrity and fiber counts within the fornix and alterations in fractional anisotropy and apparent diffusion in the fornix, internal capsule, corona radiata, and corpus callosum in a study of 10 patients with intraventricular hemorrhage compared with 18 healthy controls. 52 Reduction in fractional anisotropy or fiber count was hypothesized to be indicative of neuronal injury and potentially worse outcome. While an interesting finding, this study by Yeo et al. was performed over a month after ictus, and thus conclusions about the predictive value of these changes for long-term damage to periventricular tissue require additional investigation.
Another area of interest is the ability to assess the level of success at minimizing hypoperfusion and ischemia in tissues adjacent to ICH. Diffusion-perfusion MRI has been shown to provide valuable insight in acute stroke, and recent attempts have been made to apply this to the hemorrhagic model. Magnetic resonance imaging studies performed in the acute phase were found to compete well in detection of hemorrhage when compared with CT, and focal or diffuse ipsilateral hypoperfusion was seen in 35%-71% of cases. 27, 49 Patients demonstrating clinical deterioration later on were also noted to be the only ones with a reduced apparent diffusion coefficient in the perihematomal region in one study, whereas in the other study 1-month follow-up diffusion-weighted MRI demonstrated that 22% of patients had continued areas of ischemia that had not been present prior to ictus. 27, 49 Siddique et al. 42 sought to quantify this observation and to describe the chronology of perihematomal changes using SPECT shortly after ictus and then 6-9 months afterward. An improvement in radio-uptake, and thus presumably perfusion, of 15% or greater was found in all patients at the time of the second scan. The volume of perihematomal brain in which this improvement was noted ranged from 7.2 to 71.3 cm 3 . This area was felt to represent at least part of the area of perihematomal hypoperfusion and suggests that aggressive measures to maintain perfusion and oxygenation to tissues could improve outcomes. Unfortunately, outcome was not assessed in terms of the level of radiographic improvement within this study. However, these data are yet to be fully validated, and significant debate on the ischemic versus metabolic nature of these findings persists.
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Prognostication After ICH
Functional imaging provides the possibility of as- sessing the neurological recovery and reorganization of injured tissues in real time and applying this level of activity to predict the end result in both ICH and other types of hemorrhagic brain injury. 37, 39, 41 Of particular promise is the use of DTI in the assessment of corticospinal tract injury after ICH (Fig. 1) . In one study, patients with complete loss of hand function secondary to injury to the corona radiata were followed up for 6 months after the insult. Patients with preservation of the corticospinal tract on DTI tractography at the time of insult were found to have the greatest recovery of hand function, whereas those with similarly placed insults that severed the corticospinal tract were found to have the least recovery. 9 Similarly, assessments of fractional anisotropy along the corticospinal tract in the area of the hematoma were found to predict motor functional outcome at 3 months in a cohort of 17 patients with ICH affecting the putamen and/or thalamus. When scans were performed between 1 and 5 days postictus, patients with the lowest decrease in fractional anisotropy relative to the same area on the nonaffected side or with a ratio greater than 0.8 had the highest level of motor functional recovery at 3 months. Apparent diffusion coefficient values were not found to be predictive in this study. 54 Perhaps the most interesting discovery of this study was that the ratio of fractional anisotropy was not correlated with hematoma volume or initial deficits in patients enrolled in the study. Patients with large and small hematomas and patients with large and small deficits ultimately demonstrated greater improvement when the ratio was greater than 0.8. This represents a valuable assessment of outcome that could supplement the current prognostic wisdom of outcome being correlated with measures such as the ICH score and initial deficits, and warrants additional study utilizing additional white matter tracts and types of deficits. The existing data would also benefit from a larger sample size with a wider range of volumes and positions of the hemorrhage.
A similar study by Wang et al. 48 showed a comparable relationship with fractional anisotropy and independence of hematoma size, but also found that there may be differing diagnostic value when DTI is performed in the acute (3 days postictus) and subacute (2 weeks postictus) periods in hemiparetic patients. When DTI was performed in the subacute period, it was found to be more predictive of motor and functional outcome. This may suggest that the initial period of damage and inflammation disrupts the predictive value of DTI, and that once compensatory and salvage mechanisms have begun there is a much clearer picture of the ultimate result. The value of DTI has been associated with a stronger negative predictive value toward motor recovery when the corticospinal tract was not preserved (0.95-1.00 depending on outcome measure) than positive predictive value when preservation was detected (0.59-0.72 depending on outcome measure), but this determination was not based on a comparison with other imaging modalities.
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Predicting Hemorrhage After Ischemic Events
Aggressive measures to promote revascularization using tPA and maintenance of perfusion have to be balanced with the specter of severe hemorrhagic transformation in patients who have suffered ischemic events. Hemorrhagic transformation may occur in a significant fraction of patients, but approximately 6%-10% of patients undergoing tPA treatment have severe or symptomatic hemorrhage comparable to primary ICH. 7, 25 Several options have been presented in the detection of hemorrhage after thrombolysis for the treatment of ischemic lesions. Several studies have demonstrated that the volume of lesions on DWI prior to tPA administration are correlated with risk of hemorrhage, with exact odds ranging from 1.07 to 1.42 per 10 cm 3 volume increase. 25, 44 In one study, the interaction of successful reperfusion and DWI volume was found to result in an odds ratio of 1.77 per 10 cm 3 volume and, additionally, almost all patients with an ICH severe enough to result in a decline of more than 3 points on the NIH Stroke Scale were found to have a volume greater than 90 ml when measured on DWI. 25 In addition to DWI volume, Selim et al. 40 also noted that risk of hemorrhage was greater in patients with lower apparent diffusion coefficients. Another potential technique that has recently been suggested is the use of low cerebral blood volume detected via perfusion-weighted imaging (PWI), which can be identified by a near complete absence of delivery of gadolinium to an ischemic lesion and thus blood flow as a whole. When more than 2 cm 3 of brain volume within the boundaries of the lesion calculated from the DWI was identified as receiving less than the 2.5th percentile of expected cerebral blood flow based on the calculations using the contralateral hemisphere's cerebral blood flow ("Very low cerebral blood volume"), this was highly predictive of some level of parenchymal hemorrhage, and approximately 25% of such cases were symptomatic. 6 Perfusion-weighted imaging can be coupled to DWI for additional information regarding the so-called "malignant profile" associated with severe ICH secondary to thrombolytic therapy. The DEFUSE-EPITHET trial assessed 111 patients undergoing tPA for stroke using pretreatment DWI and PWI modalities. It was found that 89% of patients with a PWI-detected brain volume of 85 cm 3 with a "Tmax" (time until the theoretical maximal amount of residue function) greater than 8 seconds who achieved reperfusion had a modified Rankin Scale score of 5 or 6 at 90 days. Of these, only 67% were secondary to at least some level of parenchymal hemorrhage, which was also significantly more likely using the 85-cm 3 cutoff. 28 Due to the time constraints involved in the administration of tPA, there has been significant interest in the utilization of CT perfusion studies to measure the blood-brain permeability as a surrogate for hemorrhagic risk. Inoue et al.
14 reported on a series of 42 patients who underwent CT perfusion scans within 3 hours of symptoms. A definition of malignancy of 53 cm 3 or more of ischemic core (brain tissue with < 30% of median contralateral hemisphere blood flow) selected with a specificity of 100% but a 67% sensitivity for poor outcome, defined as a modified Rankin Scale score of 5 or 6. However, only 5 cases were identified as malignant and patients in only 2 of these 5 had hemorrhage. Larger studies must be conducted prior to any recommendation of excluding patients based on this criterion. Blood-brain barrier measurements via perfusion CT in an additional retrospective study provided similar support for this modality, but with differences in the predictive value of an unfavorable change in NIH Stroke Scale score by 5 or more (sensitivity of 100% and specificity of 79%). 13 In addition, only 38% of outcomes were due to hemorrhage specifically, which raises concerns about the interobserver reliability. A comparison study of DWI and CT perfusion in 96 patients presenting with stroke was performed by Souza et al. 46 and demonstrated no statistical difference in predictive value of outcomes. This study did not have sufficient data to specifically assess the value of predicting ICH after tPA administration due to only 3 cases of postischemic ICH being recorded in the 96 patients included in the study, but it did establish that there was approximate equivalence in the predictive value within the general stroke cohort. With additional investigations, this modality may provide an excellent alternative method of evaluation for cases in which time is a crucial factor and patients who are deemed to be at high risk for secondary ICH.
Understanding the Mechanisms of Pathology and Recovery
The exact mechanisms by which and extent to which injured tissue responds and recovers from ICH are to a great extent unknown. The real-time expression of recovery using functional imaging is in many ways an ideal mechanism of understanding ICH in human patients. Following ischemic stroke, patients with motor deficits demonstrate activation of premotor, parietal, and contralateral primary motor cortex when participating in motor tasks with the paretic hand; 4 over time, this activation comes to resemble control activation (for example, activation centered in the ipsilateral primary motor cortex [M1] along with related ipsilateral motor structures). 50, 51 This pattern of initially widespread activation with subsequent consolidation to fewer, more control-like structures has now been reproduced extensively and confirmed in a recent meta-analysis. 32 However, the clinical significance of these activation patterns has been hotly debated. One school of thought suggests that contralateral M1 activation is always dysfunctional and therapeutic strategies should be directed toward inhibiting it and restoring balance. 3, 5 Another interpretation suggests that contralater al M1 activation is required for early recovery and becomes in hibitory/pathological at later time points. 33, 34 These studies were supported by studies showing that contralateral transcranial magnetic stimulation improved motor performance on finger-tapping tests in control subjects 21 as well as on kinematic measures in chronically paretic (> 6 months) ischemic stroke patients. 47 Future studies in both ischemic and hemorrhagic stroke are underway to better elucidate the mechanisms involved.
Studies have demonstrated the potential for use of these modalities in both early and late periods after ICH. Jang et al. 17 compared findings in 44 patients with chronic deficits in hand function after basal ganglia or corona radiata ICH with findings in normal controls. While numerous tracts were reduced in connectivity, it was found that the strongest predictors of hand function were viable tracts in the ipsilateral basal ganglia, thalamus, and pyramids. The ipsilateral primary motor cortex was also correlated with hand function when preserved, but to a substantially lower degree. Understanding the exact pathways used by corticospinal fibers has been a highly sought-after target of study, given the frequent motor deficits in ICH, and could potentially allow for prognostication as well as targets for eventual rehabilitation. The fact that the connectivity of the primary motor cortex was less predictive of hand function than more caudal connections may be due to the condition of the patients, but could potentially also imply that chronic changes occur to allow for redistribution of the final point of control to nonaffected areas with greater flexibility than previously expected. The strong correlation with the basal ganglia and thalamus would then potentially indicate that the connections required to redistribute function are subcortical in nature and are more crucial in terms of preservation. In another study, 53 43 patients with prior ICH confined to the corona radiata or posterior limb of the internal capsule were compared with healthy controls to correlate complex motor tasks such as locomotion to corticospinal tracts related to the locomotor centers using DTI. Connectivity was seen to correlate with inability, impaired ability, and normal ability to walk, with connectivity being clearly reduced in ICH patients and in many cases reduced at discernible levels for complete versus partial loss of ambulation. The ability to predict the extent of injury and functional deficit on a functional rather than just structural level is a highly tantalizing prospect, given the severity of illness and the difficulties that can occur when examining disoriented or comatose patients during the immediate postictal period. However, the well-established hazards of a prolonged MRI series in a patient in unstable condition or a patient with relative contraindications must be taken into strong consideration as well. 45 ery after ICH using DTI and fMRI. There were demonstrable deficits and recovery in both modalities as motor recovery was regained, but quantitative data were not provided to allow for direct comparison. Functional MRI has recently become of more interest in ICH. Whereas previously this modality has had less utility due to the need for attentiveness or motor function, some progress has been made and more is expected with the rise in the use of resting-state fMRI as a method of gauging activity between existing fibers rather than the existence of connections. 1, 23 Using functional connectivity measures, it may be possible to develop a sophisticated model of recovery from ICH in normal and pathological circumstances. In particular, no study has adopted a multimodal approach to the presumed "inhibitory" effect of the contralateral M1 on recovery. 2, 38 Interhemispheric inhibition has been studied extensively using task-based fMRI, 11 but a combined approach using structural and functional connectivity to develop a model of functional connectivity has not yet been attempted.
Conclusions
Intracerebral hemorrhage results in serious morbidity for surviving patients, often causing loss of independence and motor function. The increasing use of functional imaging as a tool not only for research, but also for the management of clinical scenarios, represents a major step forward in the effort to reduce the hardships of patients through improved understanding and more sophisticated prognostication. The important role of motor deficits in the ICH spectrum highlights the value of DTI tractography and diffusion-perfusion-related techniques, whereas recovery and reorganization of neurological networks provides potential for increased utilization of fMRI modalities.
